We describe a high resolution Smoothed Particle Hydrodynamics (SPH) simulation of a spheroidal galaxy starting from ΛCDM initial conditions. The simulation is made intentionally simple, and includes photoionization, cooling of the intergalactic medium, and star formation but not feedback from AGN or supernovae. The galaxy undergoes an initial burst of star formation at z ≈ 5, accompanied by the formation of a bubble of heated gas and does not experience a major merger after z = 3. Heating from shocks and -PdV work dominates over cooling so that for most of the gas the temperature is an increasing function of time. By z ≈ 1, 80% of the final stellar spheroid is in place and the spectral energy distribution resembles those of observed extremely red objects (EROs). By the present day, the simulated galaxy is an old (≈ 10 Gyrs), kinematically hot stellar system with a stellar mass of ≈ 1.2 × 10 11 M ⊙ , surrounded by a hot gaseous halo containing 40% of the baryonic matter. Stars dominate the mass of the galaxy up to ≈ 4 effective radii (≈ 10 kpc). Projected photometric and kinematic properties are in good agreement with observed elliptical galaxies in the field. In particular, unlike some recent simulations, the final stellar system has a concentration that is quite typical of real elliptical galaxies. Our simulation shows that a realistic intermediate mass giant elliptical galaxy with a plausible formation history can be formed from ΛCDM initial conditions without requiring recent major mergers or feedback from supernovae or AGN.
INTRODUCTION
It is now possible to perform extremely accurate high resolution simulations of the gravitational evolution of the dark matter distribution (Moore et al. 1998; . In contrast, the numerical simulation of galaxy formation, including a hydrodynamic treatment of the baryonic component, is still in its infancy. Very few high resolution simulations from realistic cosmological initial conditions have been done so far and most of them have concentrated on the formation of disc galaxies rather than early-type spheroidal systems (Sommer-Larsen et al. 2003; Abadi et al. 2003; Governato et al. 2004; Robertson et al. 2004) This is surprising since spheroidal systems are of interest in their own right as they contain more than half of the total stellar mass in the local universe (Fukugita et al. 1998 ).
The most massive galaxies known, the giant ellipticals, are spheroidal systems which predominantly consist of old stars (see e.g. ) and so must have formed at high redshift. They are therefore likely to be good probes of galaxy assembly, star formation and metal enrichment in the early Universe. In fact, there is strong observational evidence that early-type galaxies formed most of their stars well before a redshift z = 1 (Brinchmann & Ellis 2000; Treu et al. 2005; van der Wel et al. 2005 ).
There is not yet a general consensus on how elliptical galaxies formed. A key feature of CDM-like theories is that massive dark matter halos are assembled by mergers of low mass halos. However, the role of mergers in structuring the stellar distributions of galaxies is still unclear. For example, are 'major mergers', i.e. mergers of similar mass stellar systems, always necessary to produce elliptical galaxies?
Most numerical work on early-type galaxy formation has used either unrealistic initial conditions (Kobayashi 2004) , or had insufficient spatial and mass resolution to resolve the internal structures of galaxies (Kawata & Gibson 2003; Sáiz et al. 2004 ). An exception is the simulation discussed by Meza et al. (2003) . These authors used an SPH simulation that included feedback from supernovae to follow the formation of a single spheroidal galaxy self-consistently from CDM initial conditions. The spatial resolution of this simulation was high enough to resolve the region within an effective radius for a typical real elliptical galaxy. However, the final stellar system formed in this simulation was far too dense, with an effective radius about an order of magnitude smaller than real elliptical galaxies of the same brightness. Meza et al. (2003) speculate that this discrepancy may be a consequence of their star formation and feedback algorithm and that it might be possible to produce less concentrated systems if more aggressive stellar feedback were implemented to prevent star formation in high density sub-units at high redshift.
In this letter we describe a high resolution numerical simulation of an elliptical galaxy starting from realistic ΛCDM initial conditions. Our simulation does not include feedback from supernovae or AGN and yet we find a final system with a normal concentration and realistic kinematic and photometric properties. Furthermore, the simulated galaxy experiences no major mergers after z = 3, yet it does not develop a massive large scale disc component. We provide tentative physical explanations for this result. 
INITIAL CONDITIONS AND SIMULATIONS
The initial conditions of the ΛCDM simulation assumed scale-invariant adiabatic fluctuations.
The post-recombination power spectrum for the CDM cosmology was based on the parameterization of Efstathiou, Bond & White (1992) with Γ=0.2. We use a WMAP (Spergel et al. 2003) cosmology with a slightly lower Hubble parameter of h = 0.65 (≡ H 0 =100h kms
From a low resolution dark matter simulation we selected a virialized halo with M halo = 2 × 10 12 M ⊙ in a low density environment such that the nearest halo with M halo > 7× 10 11 M ⊙ is over 1 Mpc away. To re-simulate the target halo at high resolution we increased the particle number within a cubic volume at redshift z = 24 containing all particles that end up within the virialized region of the halo at z = 0. Additional short wavelength perturbations were included to account for the missing small-scale power below the Nyquist frequency of the low resolution simulation. The size of the high resolution cube was L box = 0.5 Mpc. The tidal forces from particles outside the high resolution cube were approximated by increasingly massive dark matter particles in 5 nested layers of lower and lower resolution. The high resolution region was not contaminated by these massive particles (Weil, Eke & Efstathiou 1998) .
The high resolution region contained 100 3 gas and dark matter particles, respectively. The simulation was run with GADGET-2 (Springel 2005) on COSMOS, a sharedmemory Altix 3700 with 1.3-GHz Itanium2 processors hosted at the Department of Applied Mathematics and Theoretical Physics (Cambridge). We used a fixed comoving softening of ǫ gas = ǫ ⋆ = 0.25 kpc and ǫ DM = 0.5 kpc until z = 9, and after this the softening remained fixed in physical coordinates at 0.25 kpc for gas and stars and 0.5 kpc for dark matter. The particle masses were m gas = 2.1 × 10 6 M ⊙ and m DM = 8.2 × 10 6 M ⊙ . The amount of stars formed for each gas particle is proportional to the mass of the star forming gas component and inversely proportional to the star formation timescale t ⋆ . This timescale is t ⋆ = t ⋆ 0 ρ crit /ρ, where t ⋆ 0 is the characteristic star formation timescale which we set to t ⋆ 0 = 1.5 Gyr (Springel & Hernquist 2003) . The density threshold for the onset of star formation was set to ρ crit = 7 × 10 −26 g cm −3 following Navarro & White (1993). In addition we require an over-density contrast of -Time evolution of the gas temperature profile from z = 5 to z = 0 (from bottom to top). The average temperature of the gas is steadily increasing. At the end of its initial formation phase at z ≈ 2 the galaxy is surrounded by a halo of hot gas heated to the virial temperature.
∆ > 55.7 for the onset of star formation in order to avoid spurious star formation at high redshift. We included hydrogen-helium cooling and the impact of a uniform ionizing radiation field (Davé et al. 1999 ). All essential results of this work are confirmed by a eight times larger (200 3 ) simulation in progress.
RESULTS
In Fig. 1 we show the star formation rate (SFR) history derived from the ages of the stars in the galaxy at z=0. The galaxy starts to form in a burst at z ≈ 5 with a peak SFR of ≈ 60M ⊙ /yr. The stars form in clumps of cold gas that have collapsed on small scales. As the cold gas is depleted the SFR declines rapidly. The diffuse gas in the forming halo, which does not reside in cold subclumps, is heated by shocks and forms an expanding bubble of hot gas which reaches virial temperature at 2 < z < 3 (see Fig. 2 ). Although during this phase the cooling time of the hot gas is shorter than the Hubble time, the heating time of the infalling gas is even shorter (Ciotti & Ostriker 2001; Sazonov et al. 2005) . After z = 2 there is an increasing contribution to heating fromPdV work which becomes dominant towards z = 0. A full quantitative analysis of the heating processes will be presented in Johansson et al. (2006, in preparation) . Small amounts of the previously heated gas have cooled at the center of the galaxy and the SFR is rising again to ≈ 2M ⊙ /yr within the last Gyr. Still, at present ≈ 40% of the baryonic matter within the virial radius of the galaxy resides in a hot gaseous halo.
We investigated the merger history of the galaxy from z = 3 to z = 0 and found no merger more massive than a stellar mass ratio of 8:1, in particular, the galaxies did not experience a major merger with a mass ratio of 4:1 or more massive. Due to the efficient star formation the galaxy is already old and very massive at a redshift of z = 1. At this time the stellar mass within 30 kpc (we use this fiducial value as the stars in ellipticals typically can not be observed at larger radii) is M * = 9.8×10 10 M ⊙ and the mean age of the stellar population is 3.9 Gyrs. To construct the spectral energy distribution (SED) of the galaxy at z = 1 we used the spectro-photometric stellar evolution models of (Bruzual & Charlot 2003 ) assuming a mean stellar metalicity close to solar Z = Z ⊙ = 0.02 and a Salpeter IMF (Fig. 3) . Qualitatively the SED does not change for small changes in metalicity. We also assumed that recently formed stars younger than 10 7 yrs Fig. 4 we show the circular velocity curve of the galaxy which is very reasonable, in contrast to the results of Meza et al. (2003) . It is dominated by luminous matter inside 10 kpc and the fraction of dark matter within the effective radius is f DM ≈ 0.2. This is consistent with most findings based on observations and dynamical modeling that elliptical galaxies are dominated by luminous matter in their inner parts (Efstathiou et al. 1982; Rix et al. 1997; Romanowsky et al. 2003; Treu & Koopmans 2004; .
At present the galaxy has an old stellar population with a mean age of about 10 Gyrs, a final stellar mass of M * = 12 × 10 10 M ⊙ , and its B-band magnitude is M B = −20.2 mag. As the galaxy at its center had recent star formation on a low level (see Fig. 1 ) it is shifted blue-ward from the color magnitude relation of cluster ellipticals (see e.g. McIntosh et al. 2005 ) and shows a positive color gradient at the center. Any process that would suppress central star formation within the last 10 8 yrs would shift the galaxy to the observed colors. However, it is not unusual for field ellipticals (E+A phenomenon) to show residual star formation (Blake et al. 2004; Schawinski et al. 2006) . The simulations had sufficient resolution (more than 10 5 particles within 30kpc) to analyze the kinematic and photometric properties in more detail. We determined the characteristic ellipticity ǫ eff = 0.17, the isophotal shape a4 eff = 0.4 (a4 eff < 0: boxy isophotes; a4 eff > 0: disky isophotes) as well as the central velocity dispersion σ 0 = 153 km/s, the maximum rotation velocity v maj = 36 km/s, and the triaxiallity parameter T = 0.1 as in Naab & Burkert (2003) . The velocity disperion profile is shown in the middle panel of The best fitting Sérsic function for the K-band surface brightness profile. The profile inside ≈ 3 softening lengths (shaded area) was excluded from the fit as it is likely to be influenced by force softening. The error bars are given by the Poissonian error of the particles in the fitted regime. The errors for n and re have been determined by the bootstrapping method. Middle panel: Velocity dispersion profile with bootstrapping errors. Lower panel: Circular velocity curves of the galaxy which is dominated by luminous matter inside 10 kpc. Fig. 4 . The drop at the center is caused by the stars that have formed late from the cooled gas. A similar behaviour is seen in some field ellipticals like, e.g. NGC2768 (Emsellem et al. 2004 ) and could have a similar origin.
In the upper panel of Fig. 4 we show the K-band surface brightness profiles of the galaxy and the best fitting Sérsic function Naab & Trujillo (2005) . With a Sérsic index of n ≈ 4 and an effective radius of 2.7 kpc the simulated galaxy has reasonable concentration and falls on the observed n − M B as well as the n − σ correlation (Trujillo et al. 2004) . With its effective surface brightness in B-band, SB e = 20.5mag arcsec −2 , the galaxy falls on the Fundamental Plane ([σ 0 , SB e , r e ] = [153 km/s, 20.5mag arcsec −2 , 2.7 kpc]; Bender et al. 1992 ).
DISCUSSION
We followed the formation and evolution of an earlytype field galaxy using numerical simulations 'ab initio' from cosmological initial conditions at high redshift. The galaxy starts to form when cold gas that has collapsed in subunits is effectively consumed by star formation. At early times the remaining diffuse gas is predominantly heated by shocks, at later times (z < 1) by -PdV work. The galaxy does not experience a major merger after its formation phase at 3 < z < 5. At redshift z ≈ 1 a massive stellar spheroid is already in place (see e.g. Nagamine et al. 2005 ) which resembles observed massive evolved galaxies and their inferred formation histories (Daddi et al. 2000) . The system evolves into an old stellar system surrounded by a halo of hot gas at the present day. Most investigated kinematical and photometric properties (see Sommer-Larsen et al. 2003) are consistent with observed early-type galaxies at similar luminosities. In particular, the concentration of the galaxy is in good agreement with observations. We believe that the discrepancy with Meza et al. (2003) is due to the different star formation algorithm which in their case allows predominantly gaseous subunits to merge and develop a high concentration before forming stars. In our simulation gas is converted into stars efficiently in subunits which merge at early times, prior to z=2, and so the morphology of the system is elliptical. Later on the system does not form a significant disc as there is little infall and star formation.
Feedback from supernovae and/or AGN, which was not included in this simulation, would provide additional heat sources but are neither vital to stop the star formation and produce a massive red galaxy at higher redshifts nor to produce a present day stellar system with consistent kinematical properties. Theoretical arguments (see e.g. Dekel & Silk 1986; Efstathiou 2000) suggest that stellar feedback rapidly becomes ineffective in systems with velocity dispersions greater than 100 km/s. However, AGN feedback may be important in galaxies with high velocity dispersions (Silk & Rees 1998; Fabian 1999 ). In our case AGN feedback might have been able to prevent further star formation at low redshift by heating the cold gas at the center of the galaxy (see e.g. Springel et al. 2005a; Sazonov et al. 2005) . On the other hand many field ellipticals show the related E+A phenomenon which seems to be suppressed in the centers of clusters as any residual cold gas will be blown away (Caldwell et al. 1993) . For more massive systems than the one studied here feedback from AGN might have a bigger impact and be responsible for the sharp cutoff at the bright end of the luminosity function of ellipticals (Croton et al. 2005) .
The formation processes presented here resembles theoretical work on the formation of ellipticals in the 1970's and 1980's (Larson 1974; van Albada 1982) and naturally meets many observational constraints on the evolution of massive spheroidal galaxies (e.g. Treu et al. 2005; van der Wel et al. 2005) . It might be equally or even more important than major mergers of disk galaxies (Naab & Burkert 2003; Robertson et al. 2005) . Major mergers of evolved ellipticals (Bell et al. 2005; Naab et al. 2006) could drive the formation of even more massive systems. Statistical questions concerning the frequency with which this outcome may be anticipated will be addressed in detail in Johansson et al. (2006, in preparation) .
We thank Volker Springel for making GADGET2 available prior to publication. We also thank Ralf Bender and Andy Fabian for discussions about the manuscript.
